Ecological characteristics and genetic diversity of phytoplankton in East Bering Sea by 王鹏
学校编码：10384                                 分类号      密级        









Ecological characteristics and genetic diversity of 
phytoplankton in East Bering Sea 
 王 鹏 
指导教师姓名：高亚辉 教授 
专 业  名 称：水生生物学 
论文提交日期：2009 年 10 月 
论文答辩时间：2009 年 11 月 





答辩委员会主席：        教授 
评    阅    人：        


































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的





                       











































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 





                           
声明人（签名）： 
                       




























目录 ............................................................................................................................ III 
CONTENT................................................................................................................. III 
中文摘要 ....................................................................................................................... I 
ABSTRACT............................................................................................................... III 
第一章 前言 .................................................................................................................1 
1.1  白令海(BERING SEA)概况.................................................................................1 
1.2  白令海浮游植物研究........................................................................................4 
1.2.1  浮游植物研究概况 ....................................................................................4 
1.2.2  白令海浮游植物研究历史 ........................................................................4 
1.2.3  浮游植物多样性分析 ................................................................................5 
1.2.4  环境因子对浮游植物分布的影响 ............................................................6 
1.3  浮游植物与尿素研究........................................................................................7 
1.4  浮游植物分子分类与系统进化研究概况........................................................9 
1.4.1  核糖体 DNA（Ribosomal DNA, rDNA）序列 ......................................9 
1.4.2  rDNA 序列在浮游植物分子鉴定研究中的应用 ................................... 11 
1.4.3  rDNA 序列在浮游植物分子系统发育研究中的应用...........................13 
1.4.4  与系统发育学相关的概念 ......................................................................15 
1.4.5  DNA 二级结构分析及其应用.................................................................16 
1.5  本论文的主要研究内容和研究意义..............................................................18 
第二章  白令海东部海域浮游植物生态特征及其环境意义 .................................21 
2.1  引言 ..................................................................................................................21 
2.2  材料与方法......................................................................................................21 
2.2.1  主要实验仪器 ..........................................................................................21 
2.2.2  主要试剂 ..................................................................................................22 
2.2.3  研究材料 ..................................................................................................22 
2.2.4  浮游植物样品处理与种类鉴定 ..............................................................22 
2.2.5  数据处理和统计分析 ..............................................................................26 
2.2.6  技术路线 ..................................................................................................27 
2.3  结果与分析......................................................................................................28 
2.3.1  浮游植物种类组成 ..................................................................................28 
2.3.2  浮游植物丰度的地理分布 ......................................................................32 
2.3.3  浮游植物数据的 PCA 分析 ....................................................................41 
2.3.4  不同断面浮游植物细胞丰度 ..................................................................51 
2.4  讨论 ..................................................................................................................53 
2.4.1  白令海东部海域浮游植物生态特征 ......................................................53 
2.4.2  环境因子对浮游植物种类组成及细胞丰度的影响 ..............................55 
2.4.2.1  水温 ....................................................................................................55 















2.4.2.3  营养盐 ................................................................................................57 
2.4.2.3.1  磷酸盐 .........................................................................................57 
2.4.2.3.2  硝酸盐 .........................................................................................57 
2.4.2.3.3  亚硝酸盐 .....................................................................................59 
2.4.2.3.4  铵盐 .............................................................................................59 
2.4.2.3.5  硅酸盐 .........................................................................................59 
2.4.2.3.6  尿素 .............................................................................................61 
2.5  本章小结 ..........................................................................................................62 
第三章 白令海东部海域海水尿素含量及其与浮游植物生长 ...............................63 
的关系 .........................................................................................................................63 
3.1  引言 ..................................................................................................................63 
3.2  材料与方法......................................................................................................63 
3.2.1  主要实验仪器 ..........................................................................................63 
3.2.2  主要试剂 ..................................................................................................64 
3.2.3  采样过程与样品处理 ..............................................................................64 
3.2.3.1  海区尿素样品 ....................................................................................64 
3.2.3.2  硅藻胞外尿素样品 ............................................................................66 
3.2.4  尿素测定方法 ..........................................................................................66 
3.2.5  数据处理与分析 ......................................................................................67 
3.2.6  技术路线 ..................................................................................................67 
3.3   结果 ................................................................................................................69 
3.3.1  白令海东部海域海水尿素含量 ..............................................................69 
3.3.2  甲板模拟培养实验 ..................................................................................72 
3.3.3  实验室生理实验 ......................................................................................75 
3.4  讨论 ..................................................................................................................79 
3.4.1  白令海东部海域海水中尿素含量 ..........................................................79 
3.4.2  硅藻生长与胞外尿素 ..............................................................................79 
3.5  本章小结 ..........................................................................................................82 
第四章 白令海东部海域浮游植物优势种（海链藻）的形态、遗传多样性及系统
进化研究 .....................................................................................................................83 
4.1  引言 ..................................................................................................................83 
4.2  材料与方法......................................................................................................85 
4.2.1  主要实验仪器 ..........................................................................................85 
4.2.2  主要试剂 ..................................................................................................85 
4.2.3  样品采集与处理 ......................................................................................86 
4.2.4  实验藻种分离培养 ..................................................................................87 
4.2.5  形态学鉴定 ..............................................................................................87 
4.2.6  基因组 DNA 提取 ....................................................................................89 
4.2.7  序列片段 PCR 扩增、纯化 ....................................................................89 
4.2.7.1  相关 PCR 引物..................................................................................90 
4.2.7.2  PCR 反应体系...................................................................................90 















4.2.7.4  PCR 产物纯化...................................................................................91 
4.2.8  PCR 产物克隆、测序 .............................................................................91 
4.2.8.1  感受态细胞制备 ................................................................................91 
4.2.8.2  连接反应 ............................................................................................91 
4.2.8.3  转化与培养 ........................................................................................92 
4.2.8.4  质粒 DNA 提取与测序 .....................................................................92 
4.2.9  数据处理 ..................................................................................................92 
4.2.9.1  测序及序列拼接核对 ........................................................................92 
4.2.9.2  序列多态性检验 ................................................................................93 
4.2.9.3  系统进化树构建 ................................................................................93 
4.2.9.4  ITS-1 和 ITS-2 rDNA 二级结构预测及 CBCs 分析 ......................94 
4.2.10  本实验的技术路线 ................................................................................95 
4.3  结果 ..................................................................................................................96 
4.3.1  形态观察 ..................................................................................................96 
4.3.2  SSU rDNA 序列片段扩增及序列分析.................................................101 
4.3.2.1  SSU rDNA 序列片段的扩增 ..........................................................101 
4.3.2.2  SSU rDNA 序列碱基组成和替换特征 ..........................................101 
4.3.2.3  基于 SSU rDNA 序列的遗传距离 .................................................102 
4.3.2.4  基于 SSU rDNA 序列的系统进化分析 .........................................105 
4.3.3  LSU rDNA 序列片段扩增及序列分析 ................................................ 111 
4.3.3.1  LSU rDNA 序列片段扩增及序列分析.......................................... 111 
4.3.3.2  LSU rDNA 序列碱基组成和替换特征.......................................... 111 
4.3.3.3  基于 LSU rDNA 序列的遗传距离................................................. 112 
4.3.3.4  基于 LSU rDNA 序列的系统进化分析......................................... 115 
4.3.4  ITS rDNA 序列片段扩增及序列分析 .................................................120 
4.3.4.1  ITS rDNA 序列片段 .......................................................................120 
4.3.4.2  ITS rDNA 序列碱基组成和替换特征 ...........................................120 
4.3.4.3  基于 ITS rDNA 序列的遗传距离 ..................................................121 
4.3.4.4  基于 ITS rDNA 序列的海链藻系统进化分析 ..............................124 
4.3.4.5  ITS-1 和 ITS-2 二级结构分析比较 ..............................................128 
4.4  讨论 ................................................................................................................135 
4.4.1  SSU rDNA，LSU rDNA 和 ITS rDNA 序列片段特征比较 .............135 
4.4.2  海链藻分子系统进化关系 ....................................................................136 
4.4.2.1 基于 SSU rDNA 序列的系统进化分析 ...........................................136 
4.4.2.2 基于 LSU rDNA 序列的系统进化分析...........................................137 
4.4.2.3 基于 ITS rDNA 序列的系统进化分析 ............................................137 
4.4.2.4  海链藻属内各种间系统进化分析 ..................................................138 
4.4.3  ITS-1 和 ITS-2 二级结构分析 ..............................................................141 
4.4.4  地理株系分布分析 ................................................................................142 
4.5  本章小结 ........................................................................................................146 
第五章 结论与展望 .................................................................................................147 
5.1  结论 ................................................................................................................147 















5.1.2  白令海东部海域海水中尿素含量及其与浮游植物生长之间的关系 148 
5.1.3  白令海东部海域优势种（海链藻）形态、遗传多样性及系统进化研究
.............................................................................................................................149 
5.2  本研究的创新点............................................................................................150 
5.3  存在问题及工作展望....................................................................................150 
参考文献 ...................................................................................................................153 


















CHINESE ABSTRACT............................................................................................... I 
ENGLISH ABSTRACT............................................................................................ III 
CHAPTER I: INTRODUCTION ...............................................................................1 
1.1  OVERVIEW ON BERING SEA...............................................................................1 
1.2  PHYTOPLANKTON RESEARCH IN BERING SEA ..................................................4 
1.2.1  Overview on phytoplankton research .....................................................4 
1.2.2  History of phytoplankton research in Bering Sea..................................4 
1.2.3  Analysis of phytoplankton diversity........................................................5 
1.2.4  Environmental factors affecting phytoplankton distribution...............6 
1.3  PHYTOPLANKTON AND UREA ............................................................................7 
1.4  OVERVIEW ON MOLECULAR TAXONOMY AND PHYLOGENY..............................9 
1.4.1  Ribosomal DNA.........................................................................................9 
1.4.2  The application of rDNA in molecular taxonomy of phytoplankton.. 11 
1.4.3  The application of rDNA in phylogenetic research of phytoplankton13 
1.4.4  The concept of phylogenetic research ...................................................15 
1.4.5  The application of DNA secondary structure analysis ........................16 
1.5  THE OBJECTIVE AND SIGNIFICANCE OF THIS STUDY .......................................18 
CHAPTER II: ECOLOGICAL CHARACTERISTICS AND 
ENVIRONMENTAL SIGNIFICANCE OF THE PHYTOPLANKTON IN EAST 
BERING SEA .............................................................................................................21 
2.1  INTRODUCTION.................................................................................................21 
2.2  MATERIAL AND METHODS................................................................................21 
2.2.1  Main instruments and equipments........................................................21 
2.2.2  Main reagents ..........................................................................................22 
2.2.3  Research material ...................................................................................22 
2.2.4  Processing and identification of phytoplankton samples ....................22 
2.2.5  Data treatment and statistical analyses.................................................26 
2.2.6  Flow chart of the methodology ..............................................................27 
2.3  RESULTS............................................................................................................28 
2.3.1  Species composition of phytoplankton..................................................28 
2.3.2  Abundance distribution of phytoplankton ...........................................32 
2.3.3  PCA analysis of phytoplankton data .....................................................41 
2.3.4  Abundance distribution of phytoplankton in different section ..........51 
2.4  DISCUSSION.......................................................................................................53 
2.4.1  Ecological features of phytoplankton in east Bering Sea ....................53 
2.4.2  Environmental factors Infuences on the abundance distribution and 
species compostion variation of phytoplankton ...............................................55 
2.4.2.1  Impact of water temperature...........................................................55 













PhD Thesis, Xiamen University 
 
2.4.2.3  Impact of nutrient ............................................................................57 
2.4.2.3.1  Impact of phosphate ..................................................................57 
2.4.2.3.2  Impact of nitrate ........................................................................57 
2.4.2.3.3  Impact of nitrite .........................................................................59 
2.4.2.3.4  Impact of ammonium ................................................................59 
2.4.2.3.5  Impact of silicate ........................................................................59 
2.4.2.3.6  Impact of urea ............................................................................61 
2.5  CONCLUSION....................................................................................................62 
CHAPTER III: UREA CONCENTRATION IN EAST BERING SEA AND THE 
RELATION WITH PHYTOPLANKTON GROWTH...........................................63 
3.1  INTRODUCTION.................................................................................................63 
3.2  MATERIAL AND METHODS................................................................................63 
3.2.1  Main instruments and equipments........................................................63 
3.2.2  Main reagents ..........................................................................................64 
3.2.3  Research material ...................................................................................64 
3.2.3.1  Determination of extracellular urea in diatom culture .................64 
3.2.3.2  Determination of urea in field sample ............................................65 
3.2.4  Urea determination.................................................................................66 
3.2.5  Data treatment and statistical analyses.................................................67 
3.2.6  Flow chart of the methodology ..............................................................67 
3.3   RESULTS ..........................................................................................................69 
3.3.1  Urea concentration in east Bering Sea ..................................................69 
3.3.2  Simulate experiment on deck.................................................................72 
3.3.3  Physiological Experimental in Lab........................................................75 
3.4  DISCUSSION.......................................................................................................79 
3.4.1  Urea concentration in east Bering Sea ..................................................79 
3.4.2  Extracellular urea and diatom growth..................................................79 
3.5  CONCLUSION....................................................................................................82 
CHAPTER IV: MORPHYLOGY, GENETIC DIVERSITY AND 
PHYLOGENETIC ANALYSIS OF DOMINANT SPECIES (THALASSIOSIRA 
SPP.) IN EAST BERING SEA ..................................................................................83 
4.1  INTRODUCTION.................................................................................................83 
4.2  MATERIAL AND METHODS................................................................................85 
4.2.1  Main instruments and equipments........................................................85 
4.2.2  Main reagents ..........................................................................................85 
4.2.3  Sample collection.....................................................................................86 
4.2.4  Phytoplankton isolation and cuture ......................................................87 
4.2.5  Morphological identification..................................................................87 
4.2.6  Genomic DNA extraction .......................................................................89 
4.2.7  PCR amplification and purification of sequence fragments ...............89 
4.2.7.1  Relevant PCR primers .....................................................................90 
4.2.7.2  PCR reaction system ........................................................................90 















4.2.7.4  Purification of PCR production ......................................................91 
4.2.8  Clone and sequencing of PCRproduction.............................................91 
4.2.8.1  Competent cell preparation .............................................................91 
4.2.8.2  Linking reaction................................................................................91 
4.2.8.3  Transformation and culture ............................................................92 
4.2.8.4  Plasmid DNA extraction and sequencing .......................................92 
4.2.9  Data processing .......................................................................................92 
4.2.9.1  Sequencing and sequence splicing check........................................92 
4.2.9.2  Sequence polymorphism test ...........................................................93 
4.2.9.3  Construction of phylogenetic trees..................................................93 
4.2.9.4  Secondary structure prediction and CBCs analysis of ITS-1 and 
ITS-2 .................................................................................................................94 
4.2.10  Flow chart of the methodology ............................................................95 
4.3  RESULTS............................................................................................................96 
4.3.1  The results of morphylogical observation.............................................96 
4.3.2  Amplication and sequences analysis of SSU rDNA ...........................101 
4.3.2.1  SSU rDNA amplication ..................................................................101 
4.3.2.2  SSU rDNA nucleotide composition and substitution...................101 
4.3.2.3  SSU rDNA genetic distance ...........................................................102 
4.3.2.4  Phylogenetic analysis based on SSU rDNA..................................105 
4.3.3  Amplication and sequences analysis of LSU rDNA........................... 111 
4.3.3.1  LSU rDNA amplication.................................................................. 111 
4.3.3.2  LSU rDNA nucleotide composition and substitution .................. 111 
4.3.3.3  LSU rDNA genetic distance ........................................................... 112 
4.3.3.4  Phylogenetic analysis based on LSU rDNA ................................. 115 
4.3.4  Amplication and sequences analysis of ITS rDNA ............................120 
4.3.4.1  ITS rDNA amplication ...................................................................120 
4.3.4.2  ITS rDNA nucleotide composition and substitutio......................120 
4.3.4.3  ITS rDNA genetic distance ............................................................121 
4.3.4.4  Phylogenetic analysis based on ITS rDNA...................................124 
4.3.4.5  Secondary structure analysis of ITS-1 and ITS-2 .......................128 
4.4  DISCUSSION.....................................................................................................135 
4.4.1  Comparison of SSU rDNA LSU rDNA and ITS rDNA sequences....135 
4.4.2  Phylogenetic relationship in Thalassiosira ..........................................136 
4.4.2.1 Phylogenetic analysis based on SSU rDNA.....................................136 
4.4.2.2 Phylogenetic analysis based on LSU rDNA ....................................137 
4.4.2.3 Phylogenetic analysis based on ITS rDNA......................................137 
4.4.2.4  Phylogenetic analysis in genus Thalassiosira ...............................138 
4.4.3  Secondary structure analysis of ITS-1 and ITS-2 ..............................140 
4.4.4  The geographical genetic diversity analysis .......................................143 
4.5  CONCLUSION..................................................................................................146 
CHAPTER V: CONCLUSION AND PROSPECT ...............................................147 
5.1  CONCLUSION..................................................................................................147 













PhD Thesis, Xiamen University 
 
phytoplankton in East Bering Sea ...................................................................147 
5.1.2  Urea concentration in east bering sea and the relation with 
phytoplankton growth ......................................................................................148 
5.1.3  Morphylogy, genetic diversity and phylogenetic analysis of dominant 
species (Thalassiosira spp.) in East Bering Sea ..............................................149 
5.2  RESEARCH ORIGINALITY...............................................................................150 
5.3  QUESTION FOR FURTHER RESEARCH ............................................................150 
REFERENCE...........................................................................................................153 
PLATES ....................................................................................................................169 


























（Thalassiosira antarctica, T. nordenskioeldii和T. hyalina）进行了遗传多样性和系
统进化分析，探讨高纬度海区不同生境下浮游植物在分子遗传水平上的差异。主
要研究结果如下： 
1）共采集白令海东部海域水样 55 个，其中分层站位样品 30 个，叶绿素
高层样品 25 个。共鉴定到浮游植物 155 种，其中硅藻 35 属 135 种，甲藻 7 属
14 种，金藻 1 属 1 种，绿藻 1 属 1 种和裸藻 2 属 4 种。优势种有拟齿圆筛藻
（Coscinodiscus pseudodenticulatus）、圆柱脆杆藻（Fragilaria cylindrus）、海岛
脆杆藻（F. islandica）、海洋脆杆藻（F. oceanica）、克格伦拟脆杆藻（Fragilariopsis 
kerguelensis）、范氏舟形藻（Navicula vanhoeffenii）、南极海链藻（Thalassiosira 
antarctica）、鼓胀海链藻（T. gravida）、透明海链藻（T. hyalina）、诺氏海链藻（T. 
nordenskioeldii）和圆海链藻（T. rotula）。白令海东部海域浮游植物细胞丰度在
0.084×104 cells/L~428.8×104 cells/L 之间，平均值为 30.266×104 cells/L。其中 低
值出现在北部冰层覆盖海区的圣马修岛附近的 MN8.站位 20m 水层， 高值出现
在南部开阔水域的 241 站位 20m 水层。PCA 分析发现，几种优势种如海洋脆杆




































进化分析中，ITS rDNA 为灵敏，分辨度 高。对于属以下种间系统进化分析
中，LSU rDNA 效果 佳，不仅分类准确而且容错性高。SSU rDNA 虽然在种间
的或者种以下的解析度并不如 LSU rDNA 和 ITS rDNA，但由于其相对保守性，
以及 GenBank 上同源序列数据的丰富性，在进行海链藻属分类地位及其属内各
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